Macrophage migration inhibitory factor (MIF) was the first cytokine to be described, but for 30 years its role in the immune response remained enigmatic. In recent studies, MIF has been found to be a novel pituitary hormone and the first protein identified to be released from immune cells on glucocorticoid stimulation. Once secreted, MIF counterregulates the immunosuppressive effects of steroids and thus acts as a critical component of the immune system to control both local and systemic immune responses. We report herein the x-ray crystal structure of human MIF to 2.6-A resolution. The protein is a trimer of identical subunits. Each monomer contains two antiparallel a-helices that pack against a four-stranded a-sheet. The monomer has an additional two ,8-strands that interact with the a-sheets of adjacent subunits to form the interface between monomers. The three ,B-sheets are arranged to form a barrel containing a solvent-accessible channel that runs through the center of the protein along a molecular 3-fold axis. Electrostatic potential maps reveal that the channel has a positive potential, suggesting that it binds negatively charged molecules. The elucidated structure for MIF is unique among cytokines or hormonal mediators, and suggests that this counterregulator of glucocorticoid action participates in novel ligand-receptor interactions.
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Macrophage migration inhibitory factor (MIF) is a protein of 115 amino acids that is expressed in a wide variety of tissues including the cells of the immune system, anterior pituitary, liver, developing eye lens, and brain (1) (2) (3) (4) . MIF is considered to be the first lymphokine discovered and was first described over 30 years ago as a soluble factor produced by activated T cells that inhibits the migration of macrophages (5, 6) . It has a long association with delayed-type hypersensitivity reactions (5) , but, more recently, MIF has been found to be a novel anterior pituitary hormone and a critical mediator of septic shock (1) . The corticotrophic cells of the anterior pituitary contain large stores of preformed MIF in secretory granules that are released into the circulation by stress or infectious stimuli such as lipopolysaccharide (7, 8) . The role of MIF in sepsis is supported by studies that show that the injection of MIF potentiates lipopolysaccharide-induced death, and that the administration of anti-MIF antibodies fully protects animals from lethal endotoxemia. MIF is also the first protein to be identified that is secreted directly from immune cells on glucocorticoid stimulation (8) . Once released, MIF "overrides" the anti-inflammatory effects of steroids on cytokine [tumor necrosis factor-a, interleukin 1B (IL-1f3), production and thus appears to act physiologically as a unique, glucocorticoid-induced counterregulatory hormone. The counterregulatory activity of MIF also has been demonstrated to be critical in the pathogenesis of septic shock, as the coadministration of MIF with dexamethasone to endotoxemic mice can completely block the protective effect of dexamethasone in this experimental model (8) .
MIF also may have functions outside the immune system.
For instance, a developmental role for MIF has been proposed based on the expression of MIF mRNA in the eye lens during the differentiation of epithelial cells (4) . MIF may play a role in the hepatic detoxification system as one study reports glutathione S-transferase (GST) activity for native MIF (9); however, this activity for MIF remains controversial. More recently, purified recombinant MIF has been found to catalyze a tautomerization reaction suggesting that an enzymatic reaction may underlie some of its biological properties (10) .
As part of an effort to understand the function of this unique hormonal mediator that possesses glucocorticoid counterregulatory and enzymatic activities, we have determined the crystal structure of human MIF at 2.6-A resolution. The threedimensional structure presented here can be used for further investigation of the receptor-binding and catalytic sites of this multifunctional protein.
MATERIALS AND METHODS
Expression and Purification of Recombinant MIF. Recombinant MIF was expressed in Escherichia coli using the T7 polymerase-based pET-llb plasmid as previously described (44) . Briefly, a 1-liter cell growth was grown to an OD600 of 0.7 and induced by addition of isopropyl f-D-thiogalactopyranoside to a final concentration of 0.4 mM. After a 4-hr growth, cells were harvested, resuspended in 40 ml of 20 mM Tris/20 mM NaCl (pH 7.4), and lysed using a French press. Cell debris was removed by centrifugation at 35,000 x g and the supernatant was applied to two ion-exchange resins (Mono Q and Mono S). MIF was not retained by either column but retention of bacterial proteins resulted in 95% purity. The remaining contaminants were removed by gel-filtration chromatography (Superdex 200), although this was not essential for crystallization. The yield was "40 mg of pure MIF per liter of growth.
Amino acid and N-terminal analyses indicate that the Nterminal methionine is posttranslationally removed (data not shown).
Selenomethionine was incorporated into MIF using the methionine auxotroph B834 (DE3) (Novagen) as described (44) . Briefly, a clone transformed with pETllb-MIF was grown in media containing M9 salts (11), 2 mM MgSO4, 1.2% dextrose, 0.1 mM CaCl2, 0.1% casamino acids, 1 mg/ml Abbreviations: MIF, macrophage migration inhibitory factor; IL, interleukin; GST, glutathione S-transferase. Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973 (reference 1MIF).
thiamine, and 100 ,g/ml ampicillin. Cells were diluted (1:100) into media in which the 0.1% casamino acids had been replaced with 40 ,g/ml of each amino acid (excluding methionine and cysteine) and 40 gg/ml of selenomethionine. The cells were induced with 0.4 mM isopropyl f3-D-thiogalactopyranoside at an OD600 of 0.85 and allowed to grow for another 15 hr. Selenomethionyl-substituted MIF was purified as above.
Crystallization and Data Collection. MIF was concentrated to 15 mg/ml before crystallization. Diffraction quality crystals were grown using the hanging drop vapor diffusion method as described (12, 44 (14) were used to determine the three heavy atom positions for the gold derivative. Single isomorphous replacement phases were calculated and used in cross difference Fourier maps to locate the heavy atom sites in each of the other derivatives. Six sites are present in the platinum and ethylmercury phosphate derivatives, and nine selenium sites are present in the selenomethionyl-substituted MIF crystal. The positions and occupancies for these sites were refined using programs in the PHASIT package. Table 1 presents a summary of the diffraction data and phasing statistics. The heavy atom sites for each derivative are shown in Table 2 . An initial electron density map was calculated to 3.5-A resolution in space groups P3121 or P3221. Right-handed helices were clearly visible in the map calculated with P3121. A 2.8-A electron density map was calculated with these final phases in space group P3121 and found to be clear and easily interpretable (Fig. 1) . Solvent flattening increased the figure of merit from 0.79 to 0.88. A skeleton representation of the density revealed the trimeric arrangement and overall fold of the molecule (15) . The program 0 was used to trace the backbone, create a polyalanine chain, and build the initial model of one entire subunit. Due to the unusual intertwining of polypeptide chains among the three subunits, the (Fo,Se-Fo,native) electron density of the selenium sites was used to confirm that the chain was traced correctly. This was achieved by the convenient location of the three methionine residues that were used as landmarks: methionines are near the N terminus (Met-2), near the C terminus (Met-101), and near the middle of the polypeptide chain (Met-47). To build the entire trimer, the first subunit was tPhasing power: root-mean-square heavy-atom structure factor/rootmean-square lack of closure. rotated into the density for the second and third subunits. Inspection of electron density maps and manual rebuilding of these subunits preceded crystallographic refinement. The electron density was well-defined for all residues of the three subunits in the asymmetric unit. The model was refined by simulated annealing with an initial temperature of 3000 K and no local symmetry restraints against 2.8-A data using X-PLOR 3.1 (16) . The model was inspected with 2F.-F, and FO-F, omit maps, manually rebuilt where appropriate, and submitted for two more rounds of refinement (against 2.6-A data) and manual rebuilding. The final model consists of residues 2-115 (Met-1 is posttranslationally cleaved) for each subunit and 24 water molecules. The R-factor is 20.0% at 2.6-A resolution with a single overall temperature factor and root-mean-square deviations of 0.012 A and 1.80 on bond lengths and angles, Searches, Surface Areas, and Electrostatic Potential Calculations. The FASTA and BLASTA programs from the Genetics Computer Group (Madison, WI) software package were used for sequence homology searches. To determine whether there is any sequence relationship between the two halves of the MIF sequence, the PILEUP program from the Genetics Computer Group (gap weight of 3.0 and gap length weight of 0.1) was used. DALI was used to search the structural database for homologous protein structures (17) . Accessible surface areas (18) were calculated within INSIGHTII (Biosym Technologies, San Diego) using a probe radius of 1.4 A (19) . To determine the surface area buried on trimerization, the accessible surface area of the MIF trimer was subtracted from the sum of the surface areas of each monomer. An electrostatic potential map was calculated with MAPROP (from G. J. Kleywegt and T. A. Jones, Uppsala, Sweden). Lys, Arg, and His side chains were given a charge of + 1, and Glu and Asp side chains were given a charge of -1.
RESULTS AND DISCUSSION
Structure Description. MIF forms a trimer with dimensions of 35 A x 50 A x 50 A. The trimeric arrangement of MIF is consistent with the prediction from a preliminary crystallographic investigation (44) but differs from other reports on the subunit structure of MIF based on gel-filtration or analytical ultracentrifugation experiments that indicate MIF is either a monomer or dimer (3, 9, 20) . The MIF trimer is an a/13 structure with six a-helices surrounding three 13-sheets that completely wrap around to form a barrel with open ends forming a solvent channel (Fig. 2) . The trimeric arrangement is due to an intertwining of loops containing short 13-strands among the subunits. Although the physiologically relevant subunit structure for MIF remains to be determined, the subunit interactions observed in the crystal are based on the insertion of residues from one subunit into the other (as opposed to packing due to mass action of distinct, globular subunits) and suggest that the MIF trimer may also form in vivo.
The MIF monomer contains two antiparallel a-helices and six 13-strands, four of which form a mixed 1-sheet within the same subunit. The four-stranded sheet arises from two 13-a-f3 motifs, each forming parallel ,3-strands that join together in an antiparallel arrangement. The topology of the secondary structure of the entire monomer has a 13a131313a13a3 motif. Secondary structure analyses based on circular dichroism predicted an a/X3 structure, which is in good agreement with the crystal structure (20, 21) . The primary sequence with corresponding secondary structure assignments is shown in Fig. 3A . The tertiary structure of the MIF monomer is somewhat reminiscent of the IL-8 dimer in that two a-helices pack against a 1-sheet (22) . However, the arrangement and topology of the secondary structure of MIF are entirely different from that of Like the IL-8 dimer that has 2-fold symmetry, the secondary and tertiary structures of MIF display pseudo 2-fold symmetry (Fig. 3 B and C) (Fig. 4) . The trimer is also stabilized by subunit-subunit interactions between one of the helices and the C terminus: Asn-73, Arg-74, Ser-77, Lys-78, and Cys-81 form a hydrophilic surface of the helix that interacts with Asn-111, Ser-112, and Thr-113 of an adjacent subunit. The surface area that is buried on formation of the trimer produced by all of these interactions is -1300 A2 The hydrophobic core of the MIF monomer consists of interactions between the 13-sheet and the amphipathic a-helices. A striking feature of the hydrophobic surfaces of the helices is that they contain most of the leucine residues of the protein (8 of Although the subunit interface is not as hydrophobic as the interior of the monomer, a cluster of aromatic residues (Tyr-37, Phe-50, Tyr-96, Trp-109, and Phe-114) is present and forms a hydrophobic patch on the surface. The MIF polypeptide sequence has three cysteines, two of which (Cys-57 and Cys-60) have been reported to be involved in a single disulfide (23) . The present structure indicates that all of the cysteines are present as free thiols. The distances between sulfur atoms among cysteines within the trimer range from -7.5 A to 33 A.
The Channel. The barrel of MIF has a solvent channel that runs through the center of the protein and that is coincident with the molecular 3-fold axis (Fig. SA) . The channel has an odd shape that can best be described as two large funnels that empty into the center of the protein (Fig. SB) . The diameter of the channel ranges from 3-4 A at its most narrow point to about 15 A at the open ends of the funnels. The neck of the smaller funnel is defined by three equivalent tyrosine residues (Tyr-100), whereas the neck of the second funnel, which has a diameter of about S A, is formed by Val-43 and Gln-46. The channel is lined predominantly by hydrophilic atoms contributed by 24 residues from each monomer. Fourteen of these residues protrude into the channel from }3-strand positions. Unaccounted electron density is present in the barrel, particularly around Asn-7, His-41, and Gln-46, which may be due to partially ordered water molecules or sulfate ions. One end of the channel is lined by three negative charges from Asp-101 of each subunit, and the other end of the channel is surrounded by charges from Arg-12 and Asp-45 from each subunit. Cal- (18) culation of a qualitative electrostatic potential map reveals an asymmetric distribution of the field. The most prominent feature is that the solvent channel belongs to a region of positive potential, indicating that this channel may interact with negatively charged moieties. It is tempting to speculate that this unique solvent channel and the positive electrostatic field also serve an important functional role.
There are many protein structures that contain cavities and short channels, but few proteins have channels that span the entire length of the molecule (24, 25) . The most obvious role for channels in proteins is to provide a pathway for the movement of ions or molecules through the protein. Among proteins that have structurally well-characterized channels are groEL, the (3-subunit of DNA polymerase III, porin, maltoporin, toxin--y, and 14-3-3 protein. In groEL, the large central cavity with a diameter of about 47 A and a length of 146 A binds nonnative folding intermediates for subsequent ATPdependent polypeptide chain folding (26) . In the DNA polymerase III (3-subunit, the ring structure containing a hole with a diameter of 35 A encircles DNA and allows long stretches of DNA to be replicated without dissociation of the polymerase (27) . Porin and maltoporin are transmembrane proteins in which a solvent channel facilitates the diffusion of ligands across the membrane (28, 29) . For toxin-y, the functional role for the narrow, 5-7 A channel (based on van der Waal atomic spheres) is more speculative, but it is proposed to be involved in the passage of small ions through the membrane (30) . The 14-3-3 protein dimer contains a negatively charged channel that is 20-A deep and is proposed to be the binding site for protein kinases (31) . MIF has not been reported to have activities that involve the movement of molecules through the protein nor has a receptor been identified. However, recombinant MIF does bind small molecules such as glutathione (refs. 9 and 20; M. Swope, H.-W.S., and E.L., unpublished observations). Before the cloning and characterization of MIF, a protein described as MIF was reported to bind gangliosides and carbohydrates (32) but this property has yet to be verified with recombinant protein. MIF also catalyzes the tautomerization of D-dopachrome to 5,6-dihydroxyindole-2-carboxylic acid (10) . Whether any of these molecules bind within or traverse through the solvent channel remains to be determined but it is interesting to note that each possesses negatively charged groups that could be stabilized within the positive electrostatic potential of the solvent channel. The physiological role of these ligands in the biological activity of MIF is unknown, but the present data will invite further investigation into the structural interactions of MIF with various small molecules.
Relationship to Other Proteins. A search for structural homology using the algorithm implemented in DALI (17) did not identify any proteins that are similar to the monomer or trimer of MIF. A sequence homology search revealed that D-dopachrome tautomerase, an enzyme of 118 amino acids that catalyzes a similar reaction as MIF, has 27% identity with human MIF (10, 33) . Display of the identical residues on the structure of MIF reveals that these residues are distributed throughout the structure with three notable exceptions. No identical residues are found on (i) (3-sheet positions that point into the solvent channel, (ii) strand (3, or (iii) strand (6. The latter two regions are involved in subunit-subunit interactions. The absence of identical residues within the solvent channel suggests that the channel is not a likely binding site for the substrate D-dopachrome.
The report of a GST activity for MIF prompted further analysis of the relationship between MIF and GST. This showed that: (i) MIF shares 25-35% sequence identity within the first 30 amino acids of GSTs; (ii) a hydroxyl-containing active site residue of GSTs (serine for 0-class GST and tyrosine for a-, ir-, and ,u-class GSTs) is replaced by a threonine at the equivalent position of MIF; and (iii) polyclonal antibodies raised to a liver MIF preparation cross-react with 0-class GST (9, 34) . Nevertheless, the hypothesis that MIF is related to GST is controversial and has been challenged by the lack of significant sequence homology along the entire polypeptide of MIF, the large difference in size between MIF (13 kDa) and GST (26 kDa) (35) , and the absence of GST activity in purified and otherwise biologically active recombinant MIF (21, 36) .
Members of the GST family of enzymes are dimers of identical subunits with two distinct domains (37) . The structures of proteins from the a, ,u, wr, and oa class of GST have been determined (38) (39) (40) (41) . The MIF structure reported here indicates that there is no structural similarity in the overall structures of MIF and GST. The structures corresponding to the N-terminal regions have a qualitatively similar secondary and topological structure consisting of a (3-strand/loop/a-helix motif. The loop in GST contains residues that interact with glutathione and is much shorter than the corresponding loop of MIF. Glutathione binds to a pocket adjacent to this loop and is surrounded by protein atoms, many of which are contributed by residues from the first 26 amino acids (39, 40, 42) . In MIF, the corresponding loops (from each subunit) are found at one end of the trimer and are fully accessible to the solvent. If glutathione were to interact with this loop, it would not be able to form the constellation of interactions with other protein atoms as occurs in the case of GST. We therefore predict that glutathione does not bind at this location in MIF. Concluding Remarks. The present work elucidates the structure of MIF, a unique mediator with the ability to bind small molecules and catalyze chemical reactions. The structure reveals several atypical features for a cytokine. First, the trimeric arrangement of MIF produces a novel a/03-barrel fold.
The barrel that is formed is not a typical (-barrel that arises from a single /3-sheet but is a result of three 13-sheets that wrap completely around (43) . Second, these three (3-sheets are arranged to form a solvent-accessible channel that runs through the middle of the protein. The channel may be the potential binding site for small molecule ligands such as glutathione, gangliosides, or dopachrome. The biological function of ligand binding and the role of this channel remain to be determined. The three-dimensional structure now makes possible the design and analysis of mutants to test the role of the channel and other structural elements in the unique biological activities of MIF.
